To investigate potential mechanisms for sex differences in the physiologic response to androgens, the present study compared the hormonal regulation of intracellular androgen receptor partitioning and the distribution of androgen receptor immunoreactivity in select brain regions from male and female hamsters. Androgen receptors were visualized on coronal brain sections. Two weeks after castration, androgen receptor immunoreactivity filled the neuronal nuclei and cytoplasm in males and females. In gonad-intact males and females, androgen receptor immunoreactivity was limited to the cell nucleus. Whereas exogenous dihydrotestosterone prevented cytoplasmic immunoreactivity, estrogen at physiologic levels did not. These results suggest that nuclear androgen receptor immunoreactivity in gonad-intact females is maintained by endogenous androgens, and that androgens have the potential to influence neuronal activity in either sex. However, sex differences in the number and staining intensity of androgen-responsive neurons were apparent in select brain regions. In the ventral premammillary nucleus, ventromedial nucleus of the hypothalamus, and medial amygdaloid nucleus, androgen receptor staining was similar in gonadectomized males and females. In the lateral septum, posteromedial bed nucleus of the stria terminalis (BNSTpm), and medial preoptic nucleus, the number of androgen receptor-immunoreactive neurons was significantly lower in females ( p < .05). Moreover, the integrated optical density/cell in BNSTpm was significantly less in females (1.28 ؎ 0.3 units) than in males (2.21 ؎ 0.2 units; p < .05). These sex differences in the number and staining intensity of androgen-responsive neurons may contribute to sex differences in the behavioral and neuroendocrine responses to androgens.
Steroid hormones produced in the gonads influence behavior and neuroendocrine function via binding to specific receptors in the brain. Although the principle steroid products of the gonads are different in males and females (androgens from the testes, estrogens and progesterone from the ovaries), both sexes can respond to the heterologous steroids. Hence, estrogens suppress the secretion of luteinizing hormone and stimulate mounting behavior in male hamsters (DeBold and Clemens, 1978; Ellis and Turek, 1980; Powers et al., 1985) , and estrogen receptors are found in the male brain (see Simerly, 1995) . In a similar manner, exogenous androgens facilitate mounting and inhibit gonadotropin secretion in female hamsters (DeBold and Clemens, 1978; Yellon et al., 1989) . Although early investigators failed to locate receptors for androgen in the female rat brain (Gustafsson et al., 1976) , subsequent studies have since identified androgen receptors in brains from females as well as males. However, female hamsters are quantitatively less responsive than males to the stimulatory and inhibitory actions of androgens on neuroendocrine function and sexual behavior (DeBold and Clemens, 1978; Yellon et al., 1989) . This leads to the hypothesis that the function, location, or number of androgen receptors in female brain may be less than that of the male.
To investigate potential anatomical bases for the sex differences in the behavioral and neuroendocrine responses to androgen, the present study compared the amount of androgen receptor immunoreactivity in selected brain areas and the hormonal regulation of intracellular androgen receptor partitioning from male and female hamsters. Androgen receptor immunoreactivity is visible in both the neuronal cell nucleus and cytoplasm after castration (Wood and Newman, 1993a; Freeman et al., 1995; Kashon et al., 1995) . Furthermore, cytoplasmic androgen receptor immunoreactivity is reduced (Wood and Newman, 1993a; Freeman et al., 1995; Kashon et al., 1995) and nuclear staining is increased by exogenous androgen (Menard and Harlan, 1993; Wood and Newman, 1993a; Clancy et al., 1994; Zhou et al., 1994; Freeman et al., 1995; Kashon et al., 1995) , suggesting that these cytoplasmic receptors are capable of nuclear translocation in the presence of ligand. Thus, changes in intracellular androgen receptor partitioning in response to a hormonal challenge may be an index of receptor binding.
MATERIALS AND METHODS

General Methods
Adult hamsters (Mesocricetus auratus) weighing between 90 and 110 g were purchased from Charles River Laboratories. They were housed in same-sex groups of 3-6/cage under a long-day photoperiod (14:14 h light/day cycle). Food and water were available at all times.
Perfusion and Immunocytochemistry
Hamsters were deeply anesthetized with sodium pentobarbital (130 mg/kg) and perfused through the aorta with 150 mL of 0.1 M sodium phosphate-buffered saline containing 0.1% sodium nitrite for vasodilation, followed by 250 mL of 0.1 M sodium phosphate buffer (PB) containing 4% paraformaldehyde. Brains were removed and postfixed in the perfusion fixative for 1 h at room temperature and then cryoprotected overnight in PB with 20% sucrose at 4°C. Forty-micrometer coronal brain sections were cut on a freezing microtome and collected into PB with 0.01% sodium azide as a preservative. Sections were stored at 4°C until processed for immunocytochemistry.
Every fourth section was immunostained for androgen receptors. To demonstrate androgen receptor immunoreactivity, a polyclonal rabbit antibody was used. This antibody (PG-21: 0.5 g/mL in PB with 0.3% Triton X-100) is directed against a synthetic peptide corresponding to the first 21 amino acids of the rat androgen receptor (gift of Dr. Gail S. Prins, University of Illinois-Chicago). Details of the isolation and characterization of this antibody are described in Prins et al. (1991) . PG-21 has been validated previously for the study of androgen receptors in the male Syrian hamster brain (Wood and Newman, 1993a,b) . Immunostaining of androgen receptor-containing neurons followed the protocol reported previously (Wood and Newman, 1993a) . Briefly, free-floating sections were washed three times for 5 min in PB and incubated in primary antiserum with 4% normal donkey serum for 48 h at 4°C. The sections were washed and transferred to a biotinylated secondary antibody [donkey anti-rabbit immunoglobulin g (IgG), 1:200; Jackson Immunoresearch Labs] for 1 h at room temperature. Sections were again rinsed, then incubated for 1 h in the avidin-biotin horseradish peroxidase (HRP) complex (Vectastain ABC Elite kit; Vector Laboratories). HRP was visualized using nickel chloride-enhanced 3,3Ј-diaminobenzidine (DAB) as the chromagen. All sections were exposed to DAB for 1 h. This lengthy incubation was necessary to visualize androgen receptor immunoreactivity in the neuronal cell nucleus and cytoplasm from gonadectomized males and females, although nuclear staining in brains of androgen-treated hamsters was evident within 5 min of DAB exposure (Wood and Newman, 1993a) . Cytoplasmic immunoreactivity was not observed in hamsters with androgen replacement, despite the lengthy DAB incubation. Control studies for this extended staining have been described previously (Wood and Newman, 1993a) . Sections were mounted onto gel-subbed slides, dehydrated in alcohols and xylenes, and coverslipped with Permount.
Intracellular Localization of Androgen Receptor Immunoreactivity
To determine the intracellular localization of androgen receptors in normal male and female hamsters, androgen receptor immunoreactivity was examined in gonad-intact males (n ϭ 3) and normal cycling females. Estrous cycles were monitored daily according to the methods of Orsini (1961) , and all females displayed at least two consecutive 4-day cycles. Females were perfused on day 4 (high endog- Figure 1 Photomicrographs of androgen receptor immunoreactivity from gonadectomized male (left) and female (right) hamsters in the ventral lateral septum (LSv), posteromedial bed nucleus of the stria terminalis (BNSTpm), and medial preoptic nucleus (MPN). The box represents the area used for optical density measurements (see text for details). III ϭ third ventricle; oc ϭ optic chiasm. Scale bar ϭ 100 m. enous estrogen, n ϭ 3) or day 1 (low endogenous estrogen, n ϭ 3) of the estrous cycle.
To understand the hormonal control of androgen receptor partitioning in males and females, the effects of gonadectomy and steroid replacement on the intracellular localization of androgen receptors were determined. Males were castrated via a midline scrotal incision under sodium pentobarbital anesthesia (65 mg/kg); females were ovariectomized via bilateral flank incisions. Steroids were replaced chronically by means of a Silastic capsule (inner diameter, 1.98 mm; outer diameter, 3.18 mm; Dow Corning, MI) inserted subcutaneously along the dorsal midline immediately after gonadectomy. All hamsters were perfused 2 weeks later. Capsules were packed with 5 mm of dihydrotestosterone (DHT), a nonaromatizable androgen (n ϭ 3 males and 3 females), or 4 mm of estradiol-17␤ (n ϭ 3 each), according to Ellis and Turek (1980) . Before implantation, capsules were cleaned in alcohol and preincubated in water overnight to prevent a peak in postimplantation steroid release (Karsch et al., 1973) . These steroid implants provide physiologic steroid feedback to the neuroendocrine system sufficient for suppression of gonadotropins under short-day photoperiod (Ellis and Turek, 1980) .
Distribution and Staining Intensity of Androgen Receptor-Containing Neurons
To determine whether a sex difference exists in the number or staining intensity of androgen receptor-containing neurons, androgen receptor immunoreactivity was evaluated by optical density measurements in six brain regions from gonadectomized males and females (n ϭ 6 each). Males and females were compared 2 weeks after gonadectomy to equalize the endogenous steroid milieu, and sections from males and females were stained at the same time to minimize variations in staining intensity. Brain regions rich in androgen receptors were studied, including the ventral lateral septum (LSv), posteromedial subdivision of the bed nucleus of the stria terminalis (BNSTpm), medial preoptic nucleus (MPN), posterior subdivision of the medial amygdaloid nucleus (MeP), ventral premammillary nucleus (PMV), and lateral subdivision of the ventromedial nucleus of the hypothalamus (VMH). Specific regions examined are depicted by the black boxes in Figures 1 and 2.
Sections were carefully selected and viewed under bright-field illumination with a Zeiss Axioplan microscope. The microscope was adjusted for Kohler illumination on the ϫ10 objective. Digitized images of selected brain regions (0.22 mm 2 ) were collected onto an IBM 486 computer using a Hitachi color video camera and evaluated using the Image-1 software package (Universal Imaging Corp, West Chester, PA). Prior to image acquisition, the camera gain and black levels were adjusted so that the gray level of all pixels was between 0 and 255. Black (no illumination) and white (no specimen) reference images were also collected. The same illumination and analog settings were used during acquisition and analysis of all images. Gray-level images acquired from the video camera were converted to optical density (OD) according to the following formula: OD ϭ Ϫlog(T), where T, the fractional transmittance, represents (image gray level-black reference image)/(white reference image-black reference image) (McNamara, 1995) . The resulting image was thresholded to eliminate background staining. For each animal, the threshold was the average minimum gray level above background staining determined from three measurements of an androgen receptor-negative region of the parietal cortex. The average integrated optical density (IOD) per cell of the thresholded image, in which IOD represents the sum of the all pixel ODs for each cell, and the number of cells within a 0.22 mm 2 region were recorded.
To validate this approach, we compared the number of cells in LSv identified by the Image-1 system with those counted by an observer blind to the experimental group, using a microscope equipped with a drawing tube (Fig.  3) . Sections from six gonad-intact males, six castrated males, and six ovariectomized females were evaluated. Cell counts using these two methods were not significantly different ( p Ͻ .05). Moreover, there was a significant correlation between number of cells recorded by the Image-1 system and by the blind observer (slope ϭ 0.92, R 2 ϭ 0.74, p Ͻ .05).
For comparisons between males and females in LSv, BNSTpm, MPN, VMH, MeP and PMV, one section per animal through each region was analyzed bilaterally using the Image-1 system from six castrated male and six ovariectomized female hamsters. The bilateral measurements for each region in each animal were averaged. Matching sections were selected for analysis from each animal after careful evaluation of the staining throughout the region of interest to ensure that the measured values for androgen receptor immunoreactivity were representative of staining in that region. Differences in the number of immunostained cells and the intensity of staining (IOD/cell) between males and females for each region were evaluated using analysis of variance with repeated measures. The Scheffé F test was used for post-hoc comparisons. Figure 4 compares androgen receptor-containing neurons in PMV of gonadectomized [ Fig. 4(A,B) ] and gonad-intact male and female hamsters [ Fig. 4(C-E) ]. As shown previously (Menard and Harlan, 1993; Wood and Newman, 1993a,b; Clancy et al., 1994) , androgen receptor immunostaining in the gonad-intact male was visible exclusively within the neuronal cell nucleus [ Fig. 4(C) ], in contrast to immunostaining of cellular processes in gonadectomized males [ Fig.  4(A) ]. Immunostaining of the cell nucleus was more intense than that in the cytoplasm. Interestingly, the intensity of cytoplasmic immunostaining varied among neurons within any single brain region; labeled processes were not visible in all androgen receptorcontaining neurons. Similar observations have been reported for cytoplasmic estrogen receptors (Blaustein and Turcotte, 1989) . In ovariectomized females, androgen receptor immunoreactivity was visible in both the nuclear and cytoplasmic compartments [ Fig.  4(B) ]. However, in ovary-intact females on days 4 [high endogenous estrogen; Fig. 4(D) ] and 1 [low endogenous estrogen; Fig. 4(E) ] of the 4-day estrous cycle, androgen receptors were evident only within the nucleus, regardless of endogenous estrogen secretion. As in males exposed to very low concentrations of androgens (Wood and Newman, 1995) , this nuclear immunoreactivity from gonad-intact females developed slowly in DAB and was less robust, regardless of the day of the cycle, than that of gonad-intact males.
RESULTS
To determine the hormonal control of androgen receptor partitioning, Figure 5 illustrates androgen receptor immunoreactivity in LSv of gonadectomized males and females in the presence and absence of exogenous gonadal steroids. In contrast to the cytoplasmic androgen receptor staining in brains of gonadectomized males and females [ Fig. 5(A,B) ], exposure to low physiologic concentrations of dihydrotestosterone maintained androgen receptor immunoreactivity exclusively within the neuronal cell nucleus [ Fig. 5(C,D) ]. Estradiol at physiologic concentrations was not effective in this regard [ Fig.  5(E,F) ]. In the estradiol-treated males and females, staining of neuronal processes was visible (see arrows), although cytoplasmic immunoreactivity was less apparent than in untreated, gonadectomized male and female hamsters [ Fig. 5(A,B) ].
Immunostained neurons identified by a trained observer (circles) or by the Image-1 system (open circles, crosses). Although the hormonal regulation of intracellular androgen receptor immunoreactivity was similar in males and females, the anatomical distribution of androgen receptors in the limbic system was sexually dimorphic. For both males and females, androgen receptors were most abundant in areas reported previously using autoradiography and immunocytochemistry (Wood et al., 1992, Wood and Newman, 1993b) . Figures 1 and 2 present photomicrographs of androgen receptor-immunoreactive neurons from representative gonadectomized males and females in each of six brain regions examined using the Image-1 system. The number of immunostained cells and the IOD/cell from males and females in each region is compared in Figure 6 . The greatest number of androgen receptorcontaining neurons was found in LSv (437.8 Ϯ 51 cells/0.22 mm 2 for males), while the neurons in PMV had the highest IOD/cell (5.64 Ϯ 0.9 units). In PMV, the lateral subdivision of VMH, and MeP (Fig. 2) , androgen receptor immunoreactivity was not sexually dimorphic in terms of the number or staining intensity of androgen-responsive neurons (Fig. 6 ) ( p Ͻ .05). However, in LSv, BNSTpm, and MPN (Fig. 1) , there were fewer androgen-responsive neurons in female hamster brain identified by Image-1, compared with the brains of males (Fig. 6) 
DISCUSSION
This study reports the distribution of androgen receptors in limbic neurons of the female hamster brain and the presence of a limited population of receptors in the neuronal cell cytoplasm in the absence of steroids. The intracellular partitioning of the androgen receptor between the cytoplasm and nucleus in the female in response to DHT and estradiol is similar to that of the male (Wood and Newman, 1993b) , presumably reflecting ligand binding (Menard and Harlan, 1993; Wood and Newman, 1993a; Freeman et al., 1995; Kashon et al., 1995) . Accordingly, the nuclear localization of androgen receptor immunostaining in the normally cycling female suggests that androgen receptors in the female brain bind ligand and have the potential to influence neuronal activity. However, males and females differ in the distribution of androgen receptor-immunoreactive neurons. The low numbers of androgen receptor-positive cells in LSv, MPN, and BNSTpm of females may contribute to sex differences in the behavioral and neuroendocrine responses to androgens (DeBold and Clemens, 1978; Yellon et al., 1989) .
The presence of receptor within the cell cytoplasm in the absence of ligand has been demonstrated immunohistochemically for all major classes of steroid hormones [estrogen (Blaustein and Turcotte, 1989; Fox et al., 1991; Blaustein, 1992; Blaustein et al., 1992) ; progesterone ; glucocorticoid (Ahima and Harlan, 1991) ; androgen (Wood and Newman, 1993a; Freeman et al., 1995; Kashon et al., 1995) ]. Such observations are nonetheless compatible with the predominantly nuclear receptor localization proposed by King and Greene (1984) and Welshons et al. (1984) , because cytoplasmic steroid receptors are a small fraction of those present in the cell nucleus. The intracellular partitioning of androgen receptor immunoreactivity between the cell cytoplasm and nucleus can be used as an index of receptor binding in the brain. Stimuli that eliminate cytoplasmic staining, such as exogenous androgen, are presumed to cause nuclear translocation of the hormonereceptor complex (Freeman et al., 1995) , which then acts on DNA (Carson-Jurica et al., 1990) . Viewed in this context, a treatment that prevents cytoplasmic immunoreactivity has the potential to influence activity of androgen receptor-containing neurons.
Although alterations in cytoplasmic immunostaining are one effect of steroid manipulations on androgen receptor-immunoreactive neurons, the actions of steroids on androgen receptors are not limited to intracellular compartmentalization. Exposure to androgens also increases nuclear staining intensity (Menard and Harlan, 1993; Wood and Newman, 1993a; Zhou et al., 1994; Freeman et al., 1995; Kashon et al., 1995) . One model of androgen receptor autoregulation (Freeman et al., 1995; Kashon et al., 1995) is that androgens initially concentrate existing receptors in the cell nucleus, and subsequently stimulate synthesis of additional receptors (Kerr et al., 1995; Simerly, 1993) . Certainly, the duration of steroid treatment employed in the present study (2 weeks) is sufficient for both mechanisms to occur.
In the present study, we used the presence or absence of cytoplasmic androgen receptor immunoreactivity to make inferences about androgen receptor binding in response to hormonal challenge in the brains of male and female hamsters. The partitioning of androgen receptor immunoreactivity in males and females in response to exogenous steroids is similar. These findings suggest that the androgen receptor in the female is capable of ligand binding, a conclusion supported by biochemical studies using receptor binding assays (Barley et al., 1975; Attardi et al., 1976; Handa et al., 1986; Ahdieh and Feder, 1988; Roselli et al., 1989; Roselli, 1991; Chen and Tu, 1992) , and that under physiologic conditions only androgen is an adequate hormonal stimulus for androgen receptor binding. The effects of exogenous steroids on androgen receptor immunoreactivity in gonadectomized males and females provide a framework for understanding the intracellular localization of androgen receptors in the gonad-intact male and female. We interpret the lack of cytoplasmic immunostaining in gonad-intact females to reflect the presence of very low concentrations of ovarian androgens which act on the female brain. Several pieces of evidence support this conclusion. The present study indicates that estrogen at physiologic concentrations cannot maintain nuclear androgen receptor immunoreactivity. The faint nuclear immunoreactivity of the gonad-intact female is similar to the appearance of androgen receptor-containing neurons in the photosuppressed male (Wood and Newman, 1993a) , in which androgen production by the testes is at a nadir (Bartke, 1985) . Endogenous androgens are detectable at low levels in circulation throughout the estrous cycle in the female rat (Handa et al., 1986) , and it appears that the ovary, rather than the adrenal, is the principle source of such androgens because androgen receptor immunoreactivity develops in the cytoplasm following ovariectomy alone. We do not know whether the androgen receptors detected in the cytoplasm of gonadectomized hamsters are present in biologically meaningful quantities. However, faint nuclear androgen receptor immunoreactivity, such as that seen in gonad-intact females and short-day males, can have physiologic significance. In particular, short-day males are exquisitely sensitive to steroid negative feedback, and the low levels of testosterone in circulation are sufficient to inhibit the reproductive neuroendocrine system (Bartke, 1985) . Thus, endogenous ovarian androgens appear to act on androgen receptor-containing neurons in the brains of female hamsters, and have the potential to influence neuronal activity.
The normal function of endogenous androgens in the brain of the cycling female has not been resolved. It has been suggested that androgens per se are important to the preovulatory surge of FSH in females (Gay and Tomacari, 1973) . Certainly, exogenous androgens can elicit behavioral and neuroendocrine responses in females (DeBold and Clemens, 1978; Yellon et al., 1989) . However, males and females differ quantitatively in their response to androgens. For instance, sensitivity to feedback suppression of FSH secretion by DHT is markedly reduced in female hamsters (Yellons et al., 1989) . Likewise, exogenous androgens are less effective in stimulating male copulatory behavior in female hamsters (DeBold and Clemens, 1978) . Since androgen receptors appear to be functional in the female, these effects may be due to sex differences in the distribution of androgen receptors in males and females. In the present study, castrated males possessed significantly more androgen receptor-immunoreactive neurons than ovariectomized females in specific brain regions. This sex difference was not limited to males and females in the absence of steroids, but was also evident in hamsters treated with DHT (see Fig. 5 ). Such observations are not without precedent. It has been reported that males have higher levels of androgen receptor than females in MPN using receptor binding assay [hamster (Chen and Tu, 1992) ; rat (Roselli, 1991) ; guinea pig (Ahdieh and Feder, 1988) ; zebra finch anterior telencephalon (Siegel et al., 1986) ], autoradiography (Lisciotto and Morrell, 1994; Schleicher et al., 1986) , or in situ hybridization (Simerly et al., 1990; McAbee and DonCarlos, 1998) . A similar sex difference has been described for the BNSTpm (Schleicher et al., 1986; Roselli, 1991; McAbee and DonCarlos, 1998) . These sex differences develop during the early postnatal period in the rat (McAbee and DonCarlos, 1998) . In females, the lower levels of androgen receptor immunoreactivity in MPN and BNSTpm, brain regions implicated in the control of male copulatory behavior (Powers et al., 1987) and tonic gonadotropin secretion (Simerly, 1995) , could contribute to the reduced effectiveness of exogenous androgen to stimulate maletypical reproductive responses in females (DeBold and Clemens, 1978; Yellon et al., 1989) . The functional significance of sex differences in androgen receptor staining in LSv is less clear. However, it is noteworthy that androgen receptor staining is equivalent in males and females in other brain regions. This includes Me and PMV, which are involved in male sexual behavior. The presence of androgen receptors in VMH, which is associated with female sex behavior and stimulation of phasic gonadotropin release (Pfaff et al., 1994) , is consistent with a functional role 
